Abstract. Ingredient blends containing 28% protein with distillers dried grains with solubles, soy flour, corn flour, fish meal, mineral mix and vitamin mix was extruded in a C.W. Brabender single screw laboratory extruder using 7 different die nozzles. The die nozzle diameter (D), length (L) and L/D ratio of the dies were in the range of 2.0 mm to 6.0 mm, 10.0 mm to 30.0 mm and 3.33 to 10.00, respectively. The moisture content of the ingredient mix was varied from 15% to 25% and the temperature of the transition zone and die section were varied from 100° C to 140°C. The response variables studied in the experiments include extrudate properties viz. unit density, bulk density, pellet durability, water absorption index, water solubility index, sinking velocity , color and extruder processing variables viz. mass flow rate, dough temperature, absolute pressure inside the die, torque and apparent viscosity of the ingredient melt. The effect of die nozzle dimensions, moisture content of the ingredient mix and temperature profile in the barrel was analyzed statistically with linear quadratic model. The R 2 values of the model with die dimensions, moisture content of the ingredient mix and temperature profile in the barrel for many of the response variables was found to be over 0.6. Increasing the moisture content of the ingredient mix from 15% to 25% had resulted in 2.0%, 16.0%, 13.2%, 3.2%, 63.7% decrease in bulk density, water solubility index, sinking velocity, mass flow rate and absolute pressure respectively and 11.6%, 16.2% increase in pellet durability and water absorption index respectively. Increasing the cooking temperature had resulted in 17. 0%, 5.9%, 35.4%, 50.6%, 28.8%, 33.9%, 33.9% decrease in unit density, pellet durability, sinking velocity, absolute pressure, specific mechanical energy, torque and apparent viscosity of the dough respectively, and 23.6 to 49.1% and 16.9% increase in dough temperature and water absorption index, respectively.
Introduction
Distillers dried grains with solubles (DDGS) contains high amounts of protein and is a possible alternative source of protein for aquaculture feed production (Victor et al. 1994 (Victor et al. , 1996 . Floatability of the extrudates is an important quality of aquaculture feeds (Rolfe et al. 2001, Bandopadyay and Ranjan, 2001) . The specific gravity of the extrudates which determines the floatability depends on the extent of expansion obtained during extrusion cooking. The expansion obtained during extrusion can be controlled by changing the type and nature of ingredients used during extrusion or changing the processing conditions of extruder. In the extrusion industry, starch based ingredients are used to get puffed products and protein based products are used to get texturized protein products (Kokini et al 1992) . During extrusion processing of starch based products, the extent of gelatinization occurring inside the barrel plays an important role in determining the extrudate properties. Depending on the extent gelatinization of starch, the ingredient mix is turned into an elastic melt inside the barrel (Case et al. 1992 , Lin et al. 1997 , Ilo et al. 1996 . When the elastic melt exits through the die, expansion occurs due to blowing up of the elastic melt by the water vapor formed due to sudden drop in pressure and affects the physical properties of extrudates (Lam et al. 2003 , Alves et al.1999 . During extrusion processing of protein based products, the ingredient mix turns into more plastic melt inside the barrel due to high temperature, shearing action and residence time inside the barrel. When the plastic melt exits through the die, more porous and fibrous textured product is formed due to the voids generated by the steam generated during sudden drop in pressure along with carbohydrate inclusions (Singh et al. 1991 , Gwiazda et al. 1987 , Sandra and Jose 1993 . Aquaculture feed requires protein content of 26% to 50% (Lovell, 1989) and hence formulated feed contains high amounts of both protein and starch.
Single screw extruders have lot of limitations regarding transport of materials inside the barrel and the operation of single screw extruders depends on the pressure requirements of die, slip at the barrel wall and the degree to which the screw is filled. The coupling of these variables along with the type of raw ingredients limits the operation range of single screw extruders (Mercier et al. 1989 ). The extruder die plays an important role in affecting the process conditions in the extrusion process. The nozzle diameter and length plays important role in affecting the performance of the single screw extruder (Chinnaswamy et al. 1987) . The flow of dough inside a circular shaped die (Q) is directly proportional to the pressure developed inside the barrel (∆P) and inversely proportional to the apparent viscosity (µ d ) of dough inside the die and can be mathematically expressed as
where K is a proportionality factor and for a circular die having nozzle radius of R and nozzle length of L (Sokey et al. 1997 
----------------------(2)
The rheological and thermodynamic processes occurring inside the die during forming and stretching have decisive effects on the quality of extruded product (Mercier et al.1989) . Apparent viscosity is the most important rheological property that determines the final product properties. During extrusion processing, the bio based feed materials turns into pseudo plastic melt and the moisture content of ingredient mix, cooking temperature significantly affects the apparent viscosity and thus the extrudate properties (Shukla et al. 2005 , Rosentrater et al. 2005 . The objective of this study was to investigate the effect of die nozzle dimensions, temperature profile in the barrel and moisture content of the ingredient mix on the extrudate properties and extruder processing parameters.
Materials and Methods

Sample preparation
Ingredient blend containing 40% DDGS along with appropriate quantities of soy flour, corn flour, menhaden fish meal, vitamin mix and mineral mix with the net protein adjusted to 28% was prepared. The distillers dried grain was provided by Dakota Ethanol LLC (Wentworth, SD) and grounded into fine particles using laboratory grinder with sieve position adjusted to 2. The corn flour was provided by Cargill Dry Ingredients, Illinois and soy flour was provided by Cargill Soy Protein Solutions, Iowa. The vitamin mix and mineral mix were obtained from SDSU feed mill and mixed at 1% and 2% respectively on weight basis. The different ingredients were mixed in a laboratory model Hobart mixer for 10 minutes and stored overnight at refrigerated conditions for moisture stabilization and used in the experiments. The moisture content of the ingredient mix was adjusted by sprinkling required amount of water during mixing.
Experimental design and extrusion studies
The extrusion studies were carried out in a single screw extruder (Brabender Plasti-Corder extruder model PL 2000) . The single screw extruder had a barrel of 317.5 mm length with a length to diameter ratio was 20:1. The die assembly had conical section inside and had a length of 101.6 mm. A screw with a uniform pitch of 9.05 mm was used in the experiments. The screw had variable flute depth and the flute depth at the feed end was 9.05 mm and the near the die was 3.81mm. The compression ratio achieved inside the barrel was 3:1. The speed of the screw, and the temperature inside the barrel were controlled by a computer. The extruder barrel had provisions to control the temperature of feed zone, transition zone in the barrel and die section. Compressed air cooling was provided in the barrel section and the die section was not provided with compressed air for controlling the temperature. The single screw extruder was fitted with 7.5 HP motor, with provision to control the speed of the screw from 0 to 210 rpm.
Experiments were conducted in a full factorial design with three levels of moisture content of the ingredient mix (15%, 20% and 25%), three levels of temperature gradient in the barrel (90°C-100°C-100°C, 90°C-120°C-120°C and 90°C-140°C-140°C), and seven levels of dies having different nozzle length to diameter ratio. The nozzle length and diameter dimensions of the seven different dies used in the experiments are given in Table 1 . The temperature gradient of 90°C-100°C-100°C, 90°C-120°C-120°C and 90°C-140°C-140°C were hereafter referred as cooking temperature of 100°C, 120°C and 140°C respectively.
Measurement of extrudate properties
Unit density
Unit density (UD) of extrudates was determined as a ratio of mass of 2 cm extrudate piece to the calculated volume of the piece by assuming cylindrical shapes for each extrudate (Jamin and Flores, 1998).
Bulk Density
Bulk density (BD) of extrudates was measured using a standard bushel tester (Seedburo equipment and Co., Chicago, IL) following the method prescribed by USDA (1999).
Pellet durability:
Pellet durability (PD) of extrudates was determined as per ASAE standards method S269.4 DEC01(1999) . Two hundred grams of the extrudates were tumbled inside a pellet durabilty tester for 10 minutes and sieved through No.6 sieve. The pellet durability was calculated as Pellet durability = (Mass of pellet after tumbling/Mass of pellet before tumbling) X100 -------------(3)
Water absorption index
The water absorption index (WAI) was determined by the method followed by Jones et al. 2000 . Water absorption index is defined as the gram of gel obtained per gram of solids. To determine the water absorption index, 2.5 grams of finely ground sample was suspended in 30 ml of distilled water at 30°C in a 50 ml tarred centrifuge tube. The content was stirred intermittently over a period of 30 minutes and centrifuged at 3000Xg for 10 minutes. The supernatant water was transferred carefully into a tarred aluminum cups. The weight of the remaining gel was weighed and WAI was calculated as the ratio of weight of gel to the weight of sample.
Water Solubility Index
The water solubility index (WSI) was determined as the water soluble fraction in the supernatant expressed as a percent of dry sample (Jones et al. 2000) . The water solubility index was determined from the amount of dried solids recovered by evaporating the supernatant in an oven at 135°C for 2 hours. It was determined as the percentage of weight of solids in the extract to the sample weight.
Sinking velocity
Sinking velocity (SV) was measured as per the method followed by Himadri et al. (1993) . The sinking velocity was measured by recording the time taken for the pellet to travel from the surface of water to a depth of 425 mm in a 2000 ml measuring cylinder.
Color
Color of the extrudates was determined using a spectrophotometer (Portable model CM 2500d, Minolta, Japan) as per Hunter labs color code. L* value for brightness of the extrudates, a* value for redness / greenness of the extrudates and b* value for yellowness / blueness of the sample were recorded for all the treatments.
Measurement of extrusion processing parameters
The temperature of the ingredient melt at the end of the barrel (TB) was measured with Type J stock thermocouples with a range of 0-400°C. The absolute pressure (P) inside the die was recorded with pressure transducer having a range of 0-68.9 MPa range, and the temperature of ingredient melt in the die (TD) was recorded with the thermo couple fitted along with the pressure transducer. The torque ( Ω )
was measured with a torque transducer having 0-40,000 meter grams. During experiments, extrudate samples were collected for every 30 seconds and the mass flow rate was calculated in g/min. Based on the torque and the mass flow rate (MFR), the different processing variables were measured as follows
Specific mechanical energy
The specific mechanical energy consumption (SME) in J/g was calculated according to Harper (1981) and Martellei (1983) as
where Ω is the torque exerted on the extruder drive (N-m), ω is the angular velocity of the screw (rad/sec.) and m feed is the mass flow rate in g/min.
Apparent viscosity
The apparent viscosity (AV) of the dough in the extruder (Pa-s) was calculated by assuming the barrel and screw as coaxial viscometer by incorporating corrections for tapered screw geometry (Rogers 1970; Lam and Rolando 2003; Lo and Moreira 1996; Konkoly 1997; Rosentrater 2005) . The apparent viscosity is measured as a ratio of shear stress (τ s ) at screw in Nm -2 to the shear rate at the screw (γ s ) in s -1 calculated from the following equations.
where r corr is the radius correction due to frustum value ( ), r b is the barrel radius (m) and C sr is the correction factor for shear rate.
Statistical analysis
The measurements were done in triplicate for all the properties studied in the experiments except for pellet durability was made in duplicate. The data were analyzed with Proc GLM procedure to determine the main and interaction effects and least significant difference (LSD) using α=0.05 for comparison using SAS V.8 (SAS Institute, Cary, NC). To determine the effect of nozzle length (L), nozzle diameter (D) and L/D ratio, on the individual response variables, multiple linear regression analysis was carried out with the following linear quadratic models. Proc Reg procedure in SAS was used to determine the coefficient of the terms and only statistically significant terms were included in the model using a stepwise selection method. In the equations 7,8 and 9, I 1 ,I 2 ,I 3 are the intercept values, a 1 -a 9 , b 1 -b 9 and c 1 -c 9 are the regression coefficients for the respective terms, D,L,L/D,MC &T represents the diameter(mm), length(mm), length/diameter ratio of die nozzle, moisture content (%wb) of ingredient mix and cooking temperature (°C), respectively.
Results and Discussion
The simple effect of changing the levels of cooking temperature, moisture content of the ingredient mix, die nozzle dimensions were found to be significant for all the extrudate properties studied except for unit density where the effect of moisture content was not found to be significant ( Table 2 ). The effect of changing the levels of cooking temperature, moisture content of the ingredient mix, die nozzle dimensions were found to be significant for all the extruder processing parameters studied in the experiments ( Table 2 ). All the interaction effects were also found to be significant at P<0.05 for all the extrudate properties except for Die*Moisture content, Die*moisture content* temperature for unit density and temperature* moisture content for water solubility index. The interaction effect of cooking temperature, moisture content, die dimensions were also found to be significant for all the processing variables studied in the experiments.
Unit density (UD)
The unit density which determines the floatability of extrudates is very important quality parameter of aquaculture feed materials. Increasing the moisture content of the ingredient mix had no significant effect at P<0.05 on the unit density of extrudates. Increasing the cooking temperature from 100°C to 140°C had resulted in significant decrease (17%) in the unit density of the extrudates. At higher cooking temperature the ingredient melt temperature was higher (Table 3 ) and the apparent viscosity was lower (Table 3 ). The ingredient melt at lower viscosity, exits through the die expanded more and might have resulted in reduced unit density of the extrudates. In the regression analysis, we found that L/D ratio along with moisture content, cooking temperature predicted the extrudate properties and extruder processing parameters with good 
The model coefficient of (0.003-0.003*MC) for L/D term indicated that there was general trend of decrease in unit density as the L/D ratio was increased.
Bulk density (BD)
Bulk density of the extrudates is very important property as it determines the storage space required both at the production sites and farms. Increasing the cooking temperature had significant effect on the bulk density of extrudates at P<0.05 (Table 2 ). The lowest bulk density of 0.416 g/cm3 was recorded at a cooking temperature of 140°C and highest bulk density of 0.453 g/cm3 was recorded at a cooking temperature of 120°C. Changing the moisture content of ingredient mix had significant effect on the bulk density of extrudates at P<0.05 and increasing the moisture content form 15 %(wb) to 25 %(wb) had resulted in 2% decrease in the bulk density of the extrudates. The R 2 value of the linear quadratic model with length, diameter and L/D ratio of the die nozzle as one of the parameter were 0.65,0.45 and 0.62 respectively. The bulk density of the extrudates correlated with the L/D ratio of the die nozzle, moisture content of ingredient mix, cooking temperature with following equation:
A positive coefficient for L/D term in the model indicated that there was general trend of increase in bulk density of the extrudates as the L/D ratio was increased.
Pellet durability (PD)
The mechanical strength of extrudates is determined by pellet durability and is an important quality of feed materials (Rosentrater et al. 2005) . Increasing the cooking temperature had resulted in significant decrease in the pellet durability of the extrudates at P<0.05. The pellet durability at a cooking temperature of 100°C was 5.9% higher compared to the pellet durability at a cooking temperature of 140°C. Changing the moisture content of the ingredient mix had significant effect on the pellet durability of extrudates, and the pellet durability at 25% moisture content was 11.6% higher compared to the pellet durability at 15% moisture content. The R 2 values of the linear quadratic model with length, diameter and L/D ratio of the die nozzle as a parameter in the linear quadratic model were 0.71, 0.39 and 0.69 respectively. The pellet durability correlated well with both length and L/D ratio of the die nozzle. The regression equation with L/D ratio of die nozzle, moisture content and cooking temperature is
2 terms in the model indicated that there was general trend of decrease in pellet durability as the L/D ratio was increased. The higher pellet durability at lower temperature can be understood from the negative coefficient of (1.11-0.04*MC) for T and higher pellet durability at higher moisture content can be understood from the positive coefficient of (0.04*T-2.31) for MC term in the model.
Water absorption index (WAI)
Water absorption index is very important property of feed materials and is closely related to the water activity of the extrudates which determines the storage stability. Cooking temperature had significant effect on the WAI at P<0.05 and the WAI was 16.9% higher at a cooking temperature of 140°C compared to the WAI at a cooking temperature of 100°C. The same trend was observed by Anderson et al. 1969 with corn grits. Changing the moisture content of the ingredient mix also had significant effect on the WAI at P<0.05 and increasing the moisture content of the ingredient mix from 15% to 25 % had resulted in 16.2 % increase in the WAI of the extrudates. 
---------------------(13)
Negative coefficient for L/D term in the model indicated that there was general trend of decrease in WAI as the L/D ratio was increased. Higher WAI at higher moisture content and cooking temperature can be explained by the positive coefficients for MC and T in the model.
Water solubility index (WSI)
Water solubility index is directly related to the extent of starch gelatinization occurring inside the extruder (Harper 1981) . Changing the cooking temperature did not result in significant changes in the WSI of the extrudates. But increasing the moisture content had resulted in significant decrease in the water solubility index of the extrudates. The WSI at 15% moisture content was 16.0 % higher compared to the WSI at 20% moisture content. The R 2 value with the length, diameter and L/D ratio as a parameter in the linear quadratic model were 0.33, 0.37 and 0.41 respectively. The regression equation for WSI with L/D ratio of the die nozzle, moisture content, cooking temperature is
The very low R 2 value for model indicated that WSI is controlled by various other factors in addition to die dimensions, moisture content and cooking temperature.
Sinking velocity (SV)
Sinking velocity is an important property of aquaculture feeds and is closely related to absorption of water during feed in the pond and stability of extrudate in water. The sinking velocity of the extrudates was found to be lesser at higher cooking temperature indicating that the extrudates with higher cooking temperature had lesser density and better buoyancy. Even though changing moisture content of the ingredient mix had no significant effect on the unit density of the extrudates, the sinking velocity of the extrudates obtained with 25% moisture content of the ingredient mix was lesser compared to the extrudates obtained at 15% ingredient moisture content. The R 2 values with length, diameter and L/D ratio of die nozzle as parameter in the linear quadratic model were 0.77, 0.51 and 0.65 respectively. The sinking velocity correlated with L/D ratio of the die nozzle, moisture content, cooking temperature with the equation
Negative coefficient for L/D term in the model indicated that there was general trend of decrease in sinking velocity as the L/D ratio was increased. The lower sinking velocity at higher moisture content and higher cooking temperature can be explained by the negative coefficient for MC and T terms in the regression equation.
Color
Color of the extrdate is very important because the extent of color change is an indication of loss of lysine during extrusion (Bjorck and Asp, 1983) . The extrudates obtained at higher temperature of 140°C had lesser brightness value and yellowness value and higher redness value. The same trend was observed by Shukla et al (2005) during extrusion experiments with raw materials containing DDGS. This might be due to browning effect at higher temperatures. Increasing the moisture content from 15% to 25% had resulted in 22.9%, 18.5% decrease in brightness and yellowness of the respectively of the extrudates and 7.0% increase in the redness of the extrudates. Extrudates obtained with higher ingredient mixture moisture content had lesser brightness value and yellowness value and higher redness value. This might be due to the higher temperature of the ingredient melt at the barrel at higher moisture content (Table 3) and the higher temperature might have resulted in more browning leading to lesser L*,b* values and higher a* values. Changing the die dimensions had significant effect on the color of the extrudates and the regression equation arrived for the color of the extrudates with L/D ratio of the die, moisture content and cooking temperature were (R 2 for L*=0.70, R 2 for a*=0.29 and R 2 for b*=0.76)
Positive coefficient of (1.77-0.09*MC) for L/D term in the model for L* indicated that there was general trend of increase in L* value as the L/D ratio was increased. Positive coefficient of (0.14-0.003*T+0.01*MC) for L/D term in the model for a* value indicated that there was general trend of increase in a* values as the L/D ratio was increased. Negative coefficient of 0.03 for L/D term in the model for b* value indicated that there was general trend of decrease in b* values as the L/D ratio was increased.
Mass flow rate (MFR)
The mass flow rate in a single screw extruder depends on the drag flow developed by screw rotation and the pressure flow developed due to the restriction in the die. In our experiments, increasing the cooking temperature from 100°C to 140°C had resulted in significant increase in the mass flow rate. Increasing the moisture content also resulted in significant decrease in mass flow rate. Increasing the moisture content from 15% to 25% had resulted in 32.5% decrease in the mass flow rate. The 
A negative coefficient for L/D term in the model indicated that there was general trend of decrease in mass flow rate as the L/D ratio was increased. The lesser mass flow rate with higher moisture content can be explained by the coefficient of (18.42-0.6*MC) for MC term in the model. The higher mass flow rate at higher cooking temperature can be explained by the positive coefficient for T in the model.
Dough temperature
Increasing the cooking temperature from 100°C to 140°C had resulted in 23.60% increase in the dough temperature inside the barrel compared to 49.1% increase in the dough temperature inside the die. This showed that there was sudden increase in the dough temperature in the die due to high pressure developed and greater extent of shear developed inside the die. Increasing the moisture content of the ingredient mix had resulted in significant decrease in the temperature of the dough in the barrel and the reverse trend was observed in the temperature of the dough in the die. The R 2 values of the linear quadratic model with length, diameter and L/D ratio of the die nozzle to predict the temperature of the dough in the barrel were 0.91, 0.75 and 0.73 respectively. The R 2 values of the linear quadratic model with length, diameter and L/D ratio of the die nozzle as parameters to predict the dough temperature in the die were 0.97, 0.97 and 0.97 respectively. The temperature of the dough in the barrel related with the L/D ratio of the die nozzle, moisture content and cooking temperature with the equation 
A negative coefficient for L/D term in the model indicated that there was general trend of decrease in the temperature of ingredient mix as the L/D ratio was increased. Positive coefficient for MC and T terms in the model indicated that there was general trend of increase in the temperature of the ingredient melt as the moisture content and cooking temperature were increased.
Absolute pressure (P)
Increasing the cooking temperature had resulted in significant decrease in the absolute pressure developed in the die. At higher cooking temperature, the viscosity of the ingredient melt was found to be lesser (Table 3 ). The ingredient melt at lower viscosity might have resulted in significant decrease in the absolute pressure in the die. Lam et al. (2003) observed the same trend during extrusion of fish feed. Increasing the cooking temperature from 100°C to 140°C had resulted in 50.6% decrease in the absolute pressure developed inside the die. Increasing the moisture content of the ingredient mix also had significant effect on the absolute pressure developed in the die. The absolute pressure at 15% moisture content of the ingredient mix was 63.7% higher compared to the absolute pressure at 25% moisture content of the ingredient mix. 
The coefficient for (L/D) 2 in the model was significant indicating that the absolute pressure had non linear relationship with the absolute pressure developed in the die. The reduced absolute pressure inside the die at higher cooking temperature can be explained by the negative coefficient of (42.2-1.14*MC) for the T in the model.
Specific mechanical energy (SME)
SME is the amount of energy utilized by the extruder for unit mass flow rate of the material. At higher cooking temperature, the SME was found to be lesser. Increasing the cooking temperature from 100°C to 140°C had resulted in 28.8% decrease in the SME. The moisture content of the ingredient mix had significant effect on the SME. Highest SME was recorded by the extruder at 20% moisture content. As expected the die dimensions had significant effect on the SME consumption of the extruder. The R and cooking temperature as parameters is 
2 term in the model indicated that there was non linear trend of SME consumption with L/D ratio. A negative coefficient for T in the model indicated that there was decrease in SME as the cooking temperature was increased. The moisture content also had non linear relationship with SME indicated by significant MC 2 term in the model.
Torque (TQ)
Increasing the cooking temperature in the barrel had resulted in decrease in the torque required to operate the single screw extruder. Increasing the temperature in the barrel had resulted in reduced apparent viscosity of the dough and required lesser torque to rotate the screw. Increasing the cooking temperature from 100°C to 140°C had resulted in 33.9% decrease in the torque required to operate single screw extruder. Changing the moisture content of the ingredient mix had significant effect on the torque required to operate the single screw extruder. Maximum torque was required at moisture content of 20% and increasing or decreasing the moisture content from 20% had resulted in reduced torque requirement. Changing the die dimensions had significant effect on the torque required to operate the single screw extruder. 
A positive coefficient for L/D term in the model indicated that thee was general trend of increase in torque requirement as the L/D ratio was increased. Negative coefficient for T in the model indicated that the torque requirement decreased as the cooking temperature was increased.
Apparent viscosity (V)
The apparent viscosity of the dough inside the barrel depends on the nature of raw materials used during the extrusion and also depends on the extent of shearing, heat addition and moisture content of the mix. In our experiments, increasing the cooking temperature from 100°C to 140°C had resulted in 33.9% decrease in the apparent viscosity of the dough inside the barrel. Changing the moisture content of the ingredient mix had significant effect on the apparent viscosity of the dough inside the barrel. Maximum apparent viscosity was observed at 20% moisture content of the ingredient mix. Changing the die dimensions had significant effect on the apparent viscosity of the dough inside the barrel and the R 2 values with length, diameter and L/D ratio of the die nozzle as parameters in the linear quadratic model were 0.70,0.64 and 0.71 respectively. The regression equation with L/D ratio of the die nozzle, moisture content and cooking temperature as parameters is
Negative coefficient for T term in the model indicated that there was decrease in apparent viscosity of the dough as the cooking temperature was increased. The (L/D) 2 and (MC) 2 terms in the model were significant indicating that the L/D ratio of the die and moisture content of the ingredient mix had non linear relationship with the apparent viscosity of the ingredient melt inside the barrel.
Conclusions
Changing the die dimensions, moisture content of the ingredient mix along with extruder parameters such as temperatures of the transition zone and die section, had a significant effect on extrudate properties viz. unit density, apparent bulk density, pellet durability, water absorption index, water solubility index, sinking velocity, color and extrusion processing parameters such as mass flow rate, dough temperature, absolute pressure, specific mechanical energy, torque and apparent viscosity. Increasing the moisture content of the ingredient mix from 15% to 25% had resulted in 2.0%, 16.0%, 13.2%, 3.2%, 63.7% decrease in bulk density, water solubility index, sinking velocity, mass flow rate and absolute pressure respectively and 11.6%, 16.2% increase in pellet durability and water absorption index respectively. Increasing the cooking temperature had resulted in 17.0%, 5.9%, 35.4%, 50.6%, 28.8%, 33.9%, 33.9% decrease in unit density, pellet durability, sinking velocity, absolute pressure, specific mechanical energy, torque and apparent viscosity of the dough respectively, 23.6 to 49.1%, 16.9% increase in dough temperature, water absorption index respectively. The L/D ratio of the nozzle along with moisture content of the ingredient mix and temperature of the transition zone and die section had predicted well for most of the extrudate properties and extruder parameters studied in the experiments with linear quadratic model. The R 2 values for the extrudate properties such as unit density, bulk density, pellet durability, Water absorption index, Water solubility index, sinking velocity, brightness, redness, yellowness of the extrudate were 0. 65, 0.62, 0.69, 0.65, 0.41, 0.84, 0.70, 0.29, 0.76 
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